Introduction {#section1-1076029615606531}
============

Adequate clot strength is fundamental to achieving hemostasis in a bleeding patient. Blood clots need to withstand a wide range of shear stress, from 0.1 Pa in the venous system to 7 Pa in the arterial system.^[@bibr1-1076029615606531]^ In common with many biological materials, blood clots possess both viscosity and elasticity, meaning that they are described as viscoelastic. Viscoelasticity is measured using dynamic mechanical analysis---application of a small oscillatory stress, with measurement of the resulting strain (ie, the degree to which the material deforms). Important parameters in the study of viscoelasticity include shear storage modulus (G'), shear loss modulus (G''), shear complex dynamic modulus (G\*, defined as G' + iG''), and phase lag between applied stress and measured strain (δ; [Table 1](#table1-1076029615606531){ref-type="table"}). Note that in physics, epsilon (∊) denotes strain, which is different from the ∊ used by Hartert and Schaeder to represent shear modulus during work on the original thrombelastograph device.^[@bibr2-1076029615606531]^ A variety of terms, including "elastic shear modulus," have been used in the literature when referring to shear modulus in relation to thrombelastography (TEG; Haemonetics Corp, Braintree, Massachusetts) or thromboelastometry (ROTEM; Tem International GmbH, Munich, Germany).^[@bibr3-1076029615606531],[@bibr4-1076029615606531]^ The TEG user manual (Haemonetics Corp, Braintree, Massachusetts) refers to the "shear elastic modulus strength \[G\]" of the clot.^[@bibr5-1076029615606531]^ However, "shear modulus" is the correct term. For complete characterization of a material's viscoelastic properties, all of the above shear-related parameters would be measured, and similar assessments would be made with the material under tension (eg, tensile complex dynamic modulus, E) and again with the material under compression. Neither thrombelastography nor thromboelastometry provide this range of measurements.

###### 

Glossary of Terms Relating to Viscoelasticity.

![](10.1177_1076029615606531-table1)

  Term                                                                  Definition/explanation
  --------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Elastic/elasticity                                                    Tendency of a solid material to return to its original shape after being deformed. A material's elasticity is described by a stress--strain curve
  Elastic modulus (λ)                                                   Defined as stress divided by strain---number that describes the resistance of a material to being deformed elastically. There are several types of elastic modulus, relating to the application of different forces (eg, shear modulus \[G or µ\], Young modulus \[E\]). Young modulus, which relates to tensile or compressive stress (ie, opposing forces along one axis), is sometimes referred to as "elastic modulus."
  Hysteresis                                                            Difference between stress--strain curves as a material is being unloaded versus loaded. Consider an elastic band being first loaded then unloaded: during unloading, a given force produces a slightly longer length compared to that observed while the elastic band was being loaded. The effect becomes more pronounced if loading and unloading are done rapidly
  Linear viscoelasticity                                                Rate of change in strain (strain rate) increases linearly with stress
  Phase lag (δ)                                                         Extent to which strain lags behind stress when the stress is oscillatory. Viscoelastic materials have a phase lag between 0° (value for a purely elastic material; stress and strain in phase) and 90° (purely viscous material).
  Shear                                                                 Application of a force with direction perpendicular to the cross section of a material (eg, material with square cross section: bottom held in place, force applied to the top from left to right)
  Shear complex dynamic modulus (G\*)                                   Complex dynamic modulus represents the ratio of stress to strain under vibratory conditions. It is calculated from the storage modulus and the loss modulus as follows: G\* = G' + iG'', where G' is the shear storage modulus, G'' is the shear loss modulus and i is the imaginary unit (square root of −1). As well as shear, it can be measured for tension (tensile complex dynamic modulus) or compression.
  Shear loss modulus (G'')                                              A measure of the deformation energy used up by the sample during the shear process. This parameter represents the viscous behavior of the material. As well as shear, it can be measured for tension (tensile loss modulus) or compression
  Shear modulus/modulus of rigidity (G or µ; denoted by Hartert as ∊)   Defined as shear stress divided by shear strain. It is a type of elastic modulus, specifically for shear stress
  Shear storage modulus (G')                                            A measure of the deformation energy stored by a material during the shear process. This parameter represents the elastic behaviour of the material. As well as shear, it can be measured for tension (tensile storage modulus) or compression
  Strain (∊)                                                            A measure of the extent to which a material deforms when under stress. Measured as a ratio of the measurement under stress to the measurement at baseline.
  Stress (σ)                                                            Force per unit area---to study the properties of a material, a force is applied and the extent to which the material deforms is measured
  Stress--strain curve                                                  Graph showing relationship between stress and strain
  Tensile                                                               Relating to tension or the application of opposing forces along an axis. The act of stretching an elastic band in a straight line would involve the application of tensile stress
  Viscoelasticity                                                       Term used to describe materials possessing both elasticity and viscosity. When a stress is applied to a viscoelastic material, molecular rearrangement known as creep occurs. However, when the stress is removed "back stresses" within the material cause it to return to its original form
  Viscous/viscosity                                                     A measure of resistance to gradual deformation by shear stress or tensile stress. Corresponds to the "thickness" of a fluid---water has low viscosity and honey has higher viscosity
  Young's modulus (E)                                                   Defined as tensile stress divided by tensile strain---similar to elastic modulus but specifically for tensile stress

Viscoelastic monitoring, using either TEG or ROTEM is an established method for assessing a patient's coagulation status: A sample of blood or plasma is placed in a cup (sometimes referred to as the "cuvette") and coagulation is activated. With TEG, the cup rotates backward and forward in the same way as Hartert's TEG device (H-TEG; [Figure 1](#fig1-1076029615606531){ref-type="fig"}). As coagulation progresses, the blood exerts an increasing rotational force on the plunger (sometimes referred to as the "pin"). With ROTEM, the plunger oscillates while the cup remains stationary, and the plunger encounters increasing resistance as coagulation progresses ([Figure 2](#fig2-1076029615606531){ref-type="fig"}). With both devices, viscoelastic clot strength is measured as amplitude in mm, on a scale usually running from 0 to 100. Zero represents no or negligible resistance (eg, water) and 100 represents infinite resistance (ie, TEG device: movement of plunger and cup identical; ROTEM device: no movement of the plunger). During early development of the H-TEG device, it was proposed that clot amplitude (s) can be transformed into shear modulus (G \[arbitrary units\]) using the formula G = (100s)/(100 − s).^[@bibr2-1076029615606531]^ It is now conventional to use the term A instead of s to represent clot amplitude, with maximum amplitude and maximum clot firmness (MCF) as terms for maximum values observed with TEG and ROTEM, respectively.

![Hartert's thrombelastograph device (H-TEG). The cylindrical container (cup) is rotated through a total angle of 4.75° around the vertical axis. Light from a slit lamp is reflected onto photographic film that moves at a rate of 2 mm/min to record rotation of the rod (the film roll is 15 m long and 100 mm wide). In practice, lines between the dots on the film are not visible because the intensity of the light and photosensitivity of the film are configured so that the film is blackened only when the light is stationary, that is, at the point of maximum rotation of the cup when there is a 1-second pause in the oscillatory movement. Adapted from Hartert.^[@bibr6-1076029615606531]^](10.1177_1076029615606531-fig1){#fig1-1076029615606531}

![Mechanics of the thromboelastometry (ROTEM) device (reproduced with permission from Tem Innovations). The plunger is rotated around the vertical axis, and the amount of rotation (which reduces as coagulation progresses) is recorded via reflected light-emitting diode (LED) light.](10.1177_1076029615606531-fig2){#fig2-1076029615606531}

It is generally believed that clot amplitude can be transformed into clot elasticity (CE with ROTEM; E with TEG), using the formula CE (or E) = (100 × A)/(100 − A).^[@bibr5-1076029615606531],[@bibr7-1076029615606531]^ This belief may be questioned on the basis that liquid blood as well as blood clots possess both viscosity and elasticity. Hartert asserted that the contribution of viscosity to clot amplitude is negligible,^[@bibr6-1076029615606531]^ and on this basis, the transformation of clot amplitude into a measurement of clot elasticity could be valid. However, it has been suggested that both viscosity and elasticity contribute to clot amplitude.^[@bibr8-1076029615606531][@bibr9-1076029615606531]--[@bibr10-1076029615606531]^ Since TEG/ROTEM analysis does not enable determination of the relative contributions of viscosity and elasticity to amplitude, it could be argued that measurement of elasticity is not strictly possible with TEG/ROTEM analysis. It has also been argued that absolute properties of blood clots cannot be measured accurately with TEG/ROTEM because the strain amplitude applied by the device is uncontrolled and changes during the course of coagulation.^[@bibr8-1076029615606531],[@bibr10-1076029615606531]^ The potential of the device to affect the properties of the clot was highlighted some time ago in a study by Burghardt et al.^[@bibr11-1076029615606531]^ In measurements performed using whole blood, the oscillating motion of the TEG device was shown to produce a considerably weaker clot than the equivalent one formed without such movement (amplitude 46.6 mm under normal TEG conditions vs 71.1 mm under quiescent conditions).

With TEG, it is proposed that clot amplitude can be transformed into shear modulus (G) using the formula G = (5000 × A)/(100 − A).^[@bibr5-1076029615606531],[@bibr12-1076029615606531]^ The term "shear elastic modulus strength" is sometimes used instead of G to describe this parameter in the context of TEG analysis.^[@bibr13-1076029615606531],[@bibr14-1076029615606531]^ When performing ROTEM analysis, G is calculated in the same way as with TEG and provided as one of the output parameters. However, it is used much less commonly with ROTEM than with TEG. The CE or E is a "relative" measure of clot elasticity, expressed without units (ie, dimensionless). For maximum values, the terms maximum clot elasticity (MCE) and E at maximum amplitude are used with ROTEM and TEG, respectively. With ROTEM, CE/MCE is used more commonly as a measurement of clot elasticity than G. Transformation of clot amplitude into clot elasticity is necessary for some assessments, such as when calculating platelets' contribution to clot strength (eg, CE~platelets~ = CE~EXTEM~ -- CE~FIBTEM~).^[@bibr15-1076029615606531]^

Unlike CE or E, G is a physical property referring to the rigidity of the clot (ratio of shear stress to shear strain; [Table 1](#table1-1076029615606531){ref-type="table"}). It is expressed in Pascals (the SI unit of pressure) or alternatively in dynes per square centimeter (an old unit used before the SI system was established). As a result, calculation of G from clot amplitude requires knowledge of the physical properties of the device including the forces involved when a particular amplitude is observed. In 1962, Hartert and Schaeder calculated the value of G for a normal platelet-rich plasma clot to be 5000 dyn/cm^2^, based on a clot amplitude of 50 mm.^[@bibr2-1076029615606531]^

We examined the validity of the formula G = (5000 × A)/(100 − A) by undertaking a series of steps as follows. First, we examined the assumptions and apparatus on which the early calculation was based. Second, using a similar overall approach as Hartert and Schaeder, we recalculated G using some revised assumptions. Third, we attempted a new calculation of G based on today's ROTEM apparatus.

Step 1: Examination of Hartert's Calculation of G {#section2-1076029615606531}
-------------------------------------------------

Use of the value 5000 in the formula G = (5000 × A)/(100 − A) stems from the early calculation by Hartert and Schaeder.^[@bibr2-1076029615606531]^ The H-TEG apparatus used by Hartert and Schaeder is shown in [Figure 1](#fig1-1076029615606531){ref-type="fig"}---the cup is rotated around its vertical axis, and rotational movement of the plunger is recorded. The H-TEG cup and plunger were made from unwettable type V2A polished steel.^[@bibr16-1076029615606531]^ The calculation of shear modulus was based on a set of assumptions as follows:The blood clot mass is exactly described by a hollow cylinder.Either no part of the blood clot is in contact with the underside of the plunger or the bottom of the container or the clot can slip freely if in contact with the base of the container.The shearing action is assumed to deform linearly, with no boundary effect.Blood clot volume is constant as described by the dimensions of the hollow cylinder.The deflection distance is assumed to represent an arc length and not a linear distance on a flat surface. The validity of this assumption can only be checked against the experimental setup.The calculation of the shear modulus is based upon a flat representation of the sheared clot with sizes given by the inner cylinder.

### Was the original calculation of 5000 correct? {#section3-1076029615606531}

The definition of shear modulus for a material is the shear stress divided by the shear strain:
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where *F* is the force applied, *l* is the height, *A* is the area, and Δ*x* is the distance the top surface moves in response to the force applied as shown in [Figure 3](#fig3-1076029615606531){ref-type="fig"}.

![Shear modulus. For calculation of shear modulus, a shearing force is applied and deformation Δ*x* is measured. Shear modulus can then be calculated using the following equation:\
$$G = \frac{F/A}{\text{Δx}/\mathcal{l}} = ~\frac{F\mathcal{l}}{\text{AΔx}}$$](10.1177_1076029615606531-fig3){#fig3-1076029615606531}

Using this formula and the assumptions and values provided within the Hartert and Schaeder publication,^[@bibr2-1076029615606531]^ we calculated the shear modulus to be 5012 dyn/cm^2^ (see Supplementary File 1). Therefore, on first inspection, it appears that the value 5000 dyn/cm^2^ is approximately correct.

### Are the underlying assumptions correct? {#section4-1076029615606531}

Logical consideration suggests at least two of the underlying assumptions of Hartert and Schaeder should be questioned:^[@bibr2-1076029615606531]^ Either no part of the blood clot is in contact with the underside of the plunger or the bottom of the container or the clot can slip freely if in contact with the base of the containerBlood clot volume is constant as described by the dimensions of the hollow cylinder.

The reason for challenging these assumptions is that the entire system should be included for the calculation of shear modulus to be rigorous.

[Figure 4](#fig4-1076029615606531){ref-type="fig"} (III) shows the geometry of the H-TEG apparatus; clots A and C as well as clot B contribute to the torque measured from the plunger. Based on the Hartert and Schaeder publication, the following values may be deduced: *l~b~* = 0.1 cm, *r~b~* = 0.3 cm, and *h~b~* = 0.75 cm. Using these measurements, the volume for the hollow cylinder of clot B ([Figure 4](#fig4-1076029615606531){ref-type="fig"}\[III\]) is 0.165 cm^3^. However, the total volume including the upper and lower parts of the cup was reported by Hartert and Schaeder as 0.36 cm^3^, meaning that less than half of the overall blood volume is included when using the assumptions of Hartert and Schaeder.

![Thrombelastograph used by Hartert (H-TEG) to investigate the shear modulus of a blood clot. Photographs of the device (I; not previously published, kindly provided by Dr Heinz Engel). Technical drawings of the device (II; not previously published, kindly provided by Tem Innovations). Diagram showing the basis for calculating G (III), with total fluid volume 360 µL. Part B (darker shading) represents the only portion considered by Hartert and Schaeder^[@bibr2-1076029615606531]^ in their calculation of G (parts A and C were omitted). H-TEG device shown in the photographs: manufactured by Fritz Hellige & Co, GmbH, Division of Litton Industries, Freiburg im Breisgau; made in West Germany; cat. no. 104009 01; ser. no. 3790.](10.1177_1076029615606531-fig4){#fig4-1076029615606531}

### Step 2: Recalculation of G Using Revised Assumptions {#section5-1076029615606531}

For the calculation of the total force (torque) on the plunger, approximate forces from clots A, B, and C ([Figure 4](#fig4-1076029615606531){ref-type="fig"}\[III\]) are added as shown in the following equation:
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Within this equation, geometric terms are those shown in [Figure 4](#fig4-1076029615606531){ref-type="fig"}, τ is the stiffness of the torsional wire (a spring constant), while α describes the angle of rotation of the plunger (θ) relative to that of the cup (θ'): αθ = θ'. Dimensions for clot A, not provided in the Hartert and Schaeder publication, were based on measurements of the H-TEG apparatus: *r~a~* = 0.15 cm and *ℓ~a~* = 0.25 cm and *h~a~* could then be calculated as 0.34 cm. For expediency, the bottom of the cup was considered as a flat surface as opposed to the conical shape shown in [Figure 4](#fig4-1076029615606531){ref-type="fig"}. Also, height *h~c~* was not provided in the Hartert and Schaeder publication, meaning that it had to be estimated as 0.1 cm from a drawing in the original publication.

Using the above-mentioned equation, G can be estimated as follows:
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In addition to the values above the dimensions in the equation, we know from the Hartert and Schaeder publication that α = 2 (derived from observation \[[Figure 5](#fig5-1076029615606531){ref-type="fig"}\]) and τ = 6377 dyn cm (stiffness of the torsional wire, documented in the Hartert and Schaeder publication).^[@bibr2-1076029615606531]^ (Note: Torsional wire is 20 mm long and 0.2 mm in diameter).^[@bibr16-1076029615606531]^ Using these values, G is calculated as 4466 dyn/cm^2^, a value that is approximately 11% below that reported by Hartert and Schaeder. Supplementary File 1 provides further details of the calculations.

![Schematic representation of the oscillatory, rotational movement of the cup and plunger after full formation of a normal blood clot (ie, once maximum clot strength has been reached). Reprinted with permission from Hartert and Schaeder.^[@bibr2-1076029615606531]^](10.1177_1076029615606531-fig5){#fig5-1076029615606531}

Step 3: New Calculation of G Based on Today's ROTEM Apparatus {#section6-1076029615606531}
-------------------------------------------------------------

We adapted the above-mentioned method for calculating shear modulus to today's ROTEM device. Unlike H-TEG, with ROTEM it is only the plunger that rotates (oscillating movement), and the device mechanics are illustrated in [Figure 2](#fig2-1076029615606531){ref-type="fig"} (see also Supplementary File 2). As the clot forms, the plunger encounters resistance and the angle of each oscillation is reduced. The mathematical approach was adjusted to account for this difference.

The following information was obtained from Tem International, the manufacturer of ROTEM: geometry of the cup and plunger, volume of fluid introduced into the cup (320 µL), and the spring constant for calculation of the force involved when a specific clot amplitude is observed. For comparison with the calculation of G by Hartert and Schaeder,^[@bibr2-1076029615606531]^ the non-activated rotational thromboelastometry assay (NATEM) provides the nearest to an equivalent ROTEM test. A value of 50 mm has been reported for NATEM MCF among healthy adults.^[@bibr17-1076029615606531]^

The geometry of the ROTEM apparatus is more complicated than that of the H-TEG ([Figure 6](#fig6-1076029615606531){ref-type="fig"}). To calculate the total torque, 4 sections of clot were considered: A1, above the shoulder of the vessel; A2, below the shoulder of the vessel but above the main portion of the plunger; B, around the main portion of the plunge; and C, below the plunger ([Figure 6](#fig6-1076029615606531){ref-type="fig"}\[II\]). Integration was used as required to account for tapering cross sections. Application of the dimensions shown in [Figure 6](#fig6-1076029615606531){ref-type="fig"}(II), together with a plunger rotation angle of θ, yielded the following equation for the total force (torque) on the plunger (see Supplementary File 3):

![Geometry of the cup and plunger with the thromboelastometry (ROTEM) apparatus. The manufacturer's schematics (I) and a diagram showing the basis for calculating G (II), with total fluid volume 320 µL. Reproduced with permission from Tem International.](10.1177_1076029615606531-fig6){#fig6-1076029615606531}
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Thus: $G = \frac{\text{τ}}{1.36480}.$

Based on experiments to determine the spring constant of the ROTEM device, $\text{τθ} = 299.2~\text{dyn~cm}$ (see Supplementary File 4). The maximum total rotation with ROTEM is 0.0829 radians (see Supplementary File 4), and θ may be written in terms of amplitude (mm):
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This enabled G to be calculated for the NATEM blood clot as follows:
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### Observational experiments with ROTEM {#section7-1076029615606531}

We performed experiments using the ROTEM device to explore the principle that the clot below the plunger (clot C in [Figure 4](#fig4-1076029615606531){ref-type="fig"}\[III\]) affects clot amplitude. Blood samples for these experiments were provided by Christoph Schlimp, and the local ethics committee waived the need for formal approval because the researcher was exclusively using his own blood for the experiments. With whole blood and the extrinsically activated EXTEM assay (total cup volume 340 µL), mean MCF (9 observations) was 61.4 mm. Visual inspection of the clots formed from the EXTEM assay confirmed clot formation above as well as below the shoulder of the plunger ([Figure 7](#fig7-1076029615606531){ref-type="fig"}). This confirms the need to include clot sections A1 and A2 in the calculation of G ([Figure 6](#fig6-1076029615606531){ref-type="fig"}\[II\]).

![Clot formation in the extrinsically activated ROTEM assay (EXTEM). The clots formed from whole blood (I) and platelet-rich plasma (II) are shown. In both cases, clot is formed above as well as below the shoulder of the plunger. In addition, a proportion of the blood/plasma remains as liquid (residual fluid in the cup). Photographs (not previously published) kindly provided by Christoph Schlimp.](10.1177_1076029615606531-fig7){#fig7-1076029615606531}

Applying the formulae mentioned earlier, G was calculated as 6812 dyn/cm^2^. Human albumin has the potential to block the binding of clot to the surface of the cup: performance of the EXTEM whole-blood assay after coating the whole cup with human albumin yielded a mean MCF of 4.6 mm (5 observations), indicating a high degree of inhibition of clot binding. The assay was then repeated with the bottom of the cup and the bottom of the plunger coated with human albumin, the intention being to prevent clot binding to these surfaces alone. The resulting MCF (mean of 9 observations) was 60.0 mm. The 1.4 mm reduction in MCF provides proof that clot C affects the overall force that the clot exerts on the plunger and therefore affects the calculation of G. The mathematical formulae were adjusted so that the term for clot C was removed and, based on the MCF of 60.0 mm, G was then calculated as 6916 dyn/cm^2^. The difference between this value for G and that obtained without human albumin suggests that the albumin was not 100% effective in preventing the clot from exerting a force on the bottom of the plunger.

Interpretation of the New Calculations {#section8-1076029615606531}
--------------------------------------

Our calculations have yielded 2 new values for the shear modulus of a normal blood clot, 4466 dyn/cm^2^ (H-TEG device) and 5289 dyn/cm^2^ (ROTEM device). Although our calculations may represent improved accuracy versus Hartert and Schaeder's calculation of 5000 dyn/cm^2^, neither of the new values can be considered as definitive. Also, it would be valuable to extend our work to include the widely used TEG 5000 device.

The existence of a difference between the H-TEG and ROTEM values indicates a degree of inaccuracy with the calculations, although a lack of comparability between the samples upon which the normal values are based, or a lack of comparability between the conditions under which the ROTEM and H-TEG clots were formed is possible. The accuracy of our calculation methods is worthy of consideration. It was previously observed that "end effects associated with the gap between the bottom of the plunger and the cup are difficult to characterize precisely,"^[@bibr11-1076029615606531]^ (p. 624) and the accuracy of our calculation for that portion of the clot with both H-TEG and ROTEM apparatus is open to question. In addition, we assumed that all of the fluid in the cup transforms into a clot so that there is then no residual liquid. It may be questioned whether this would be appropriate for definitive calculation of shear modulus ([Figure 7](#fig7-1076029615606531){ref-type="fig"}).

Neither the apparatus nor the mathematics presented here reflect current methods typically used in materials science to investigate a material's viscoelastic properties. Definitive calculations would be based on up-to-date methods such as a shear-wave approach; recent studies of blood clot properties have involved methods such as supersonic shear-wave imaging and shear-wave dispersion ultrasound vibrometry.^[@bibr18-1076029615606531][@bibr19-1076029615606531]--[@bibr20-1076029615606531]^ Such methods enable separate measurement of viscosity and elasticity as well as distinction between shear storage modulus and shear loss modulus. The accuracy with which absolute viscoelastic parameters can be measured with today's thrombelastography and thromboelastometry devices could be investigated by comparing results obtained with TEG/ROTEM with those from up-to-date rheological methods, using a range of different blood samples.

Despite these considerations, our calculations are valuable in showing that the value of 5000 dyn/cm^2^ reported by Hartert and Schaeder as the shear modulus of a normal blood clot is unreliable. The fact that we calculated a value of 4466 dyn/cm^2^ when considering the same H-TEG device may be attributable to the inclusion of less than half of the overall blood volume when Hartert calculated the value 5000 dyn/cm^2^. On this basis, the accuracy of the formula G = (5000 × A)/(100 − A) is questionable for the H-TEG device.

Importantly, the formula G = (5000 × A)/(100 − A)--- or, according to our calculations, G = (4466 × A)/(100 − A)---should be specific to the H-TEG device. The formula is dependent on the precise details of the device including geometry, materials of the cup and plunger, stiffness of the torsional wire, and scale for measuring clot strength.^[@bibr16-1076029615606531]^ It is important to consider that G~sample~ = G~device~ × G~experiment~. The H-TEG device was configured so that G~experiment~ was 1 with a normal blood clot. It is somewhat surprising that, with the ROTEM device, the amplitude for a normal blood clot (NATEM assay) is 50 mm, meaning that G~experiment~ is again 1. This implies that G~device~ is the same for ROTEM and H-TEG and, therefore, the same formula would be needed for measuring G~sample~. However, our calculations suggest that this is not correct---it is unlikely that G~device~ is truly identical for the 2 devices.

Our calculations suggest that values for G, when based on results from ROTEM analysis, do not convey absolute physical properties of the blood clot. It may be asked whether the same might be true with the TEG device. We did not have the required geometric or clot strength data to replicate our ROTEM calculations with the TEG device. However, we do know that differences exist between today's TEG device and that used by Hartert, for example, in relation to oscillation speed.^[@bibr21-1076029615606531]^ It has also been shown that today's TEG device provides slightly higher values for clot amplitude than ROTEM, when using identical assays and blood samples.^[@bibr4-1076029615606531]^ Therefore, as with ROTEM, a recalculation of the constant for generating G is warranted. Conceivably, ROTEM and TEG devices could be calibrated to ensure consistent measurements of clot strength thus appearing to make the 5000 constant applicable. However, none of these steps (either device calibration or recalculation of the constant 5000) would eliminate fundamental reasons why it is doubtful that TEG/ROTEM analysis can provide an accurate measurement of shear modulus (lack of distinction between contributions of elasticity and viscosity to clot amplitude; lack of control of the applied strain amplitude---please see the Introduction section).^[@bibr8-1076029615606531][@bibr9-1076029615606531]--[@bibr10-1076029615606531]^

Shear modulus (G) is presented in some publications as a relevant measure of clot elasticity arising from ROTEM or TEG analysis.^[@bibr22-1076029615606531][@bibr23-1076029615606531][@bibr24-1076029615606531][@bibr25-1076029615606531]--[@bibr26-1076029615606531]^ G has also been singled out as a favorable means of measuring clot strength.^[@bibr27-1076029615606531],[@bibr28-1076029615606531]^ In some circumstances, there is value in transforming amplitude (A) to elasticity (E or CE). However, considering that the relationship between G and E or CE is simple (G is 50 times E or CE) and that G might not provide an accurate value in absolute terms, it may be preferable to use a dimensionless parameter of clot elasticity (CE or E) instead of G. This correction would not impair the contribution of ROTEM or TEG analysis to coagulation management because clinical decisions are based on differences from reference ranges. The only requirement would be to ensure that the reference range triggers for treatment and (if applicable) treatment targets all have the same scale/units as the measurements being taken.

Mistakes appear likely with G---for example, in recent publications including the Denver protocol, values for G commonly appear to be wrong by a factor 1000.^[@bibr22-1076029615606531],[@bibr29-1076029615606531][@bibr30-1076029615606531][@bibr31-1076029615606531][@bibr32-1076029615606531][@bibr33-1076029615606531][@bibr34-1076029615606531][@bibr35-1076029615606531]--[@bibr36-1076029615606531]^ This error might be attributable to the fact that values for G exceed 1000 for all amplitudes above 17 mm (ie, a high proportion of readings). In contrast, with CE or E, only amplitudes above 90 mm produce values exceeding 1000. In most of the examples cited earlier, the error could be corrected by giving the units of G as kdyn/cm^2^ instead of dyn/cm^2^. However, in one of the studies some values appear wrong by a factor of 100.^[@bibr29-1076029615606531]^

In addition to the parameter G, our suggestion to use a dimensionless parameter of clot elasticity is applicable to parameters that relate to the velocity curve showing the rate of change in clot elasticity over time. We agree with Grottke and ten Cate that these parameters, which have the potential to complement the clinical insight provided by standard TEG/ROTEM measurements, are better described as "derivative parameters" than "dynamic" or "parametric" parameters.^[@bibr37-1076029615606531],[@bibr38-1076029615606531]^ Derivative parameters for TEG include maximum rate of thrombus generation (MRTG; unit = dyn/cm^2^/s), time to MRTG (TMRTG; unit = seconds), and total thrombus generation (TTG; unit = dyne/cm^2^).^[@bibr39-1076029615606531]^ As with G, the use of dyne/cm^2^ for MRTG and TTG implies measurement of absolute physical properties and could therefore be considered as misleading. With ROTEM, the equivalent parameters to MRTG, TMRTG, and TTG are maximum velocity (MAXV; unit = mm × 100/s), time to MAXV (t-MAXV; unit = seconds), and area under the curve (AUC; unit = mm × 100).^[@bibr40-1076029615606531]^ The units of these parameters do not imply that absolute physical properties are being measured, therefore current convention may be considered as acceptable with ROTEM derivative parameters. As a further consideration, the validity of coagulation parameters with other devices (eg, clot elastic modulus \[CEM\] measured in kdyn/cm^2^ by the Hemostasis Analysis System \[HAS; Hemodyne Inc, Richmond, Virginia\];^[@bibr41-1076029615606531]^ maximum elasticity \[G'max\] measured in Pa by the ReoRox device \[Medirox AB, Nyköping, Sweden\]^[@bibr42-1076029615606531]^) may be worthy of investigation, using a similar approach to that applied here with TEG and ROTEM.

In conclusion, TEG and ROTEM are valuable coagulation assessment tools that provide an evaluation of the viscoelastic properties of a clot, not through measuring absolute viscoelastic forces but through continuous reading of the clot amplitude relative to an arbitrary, preset scale.
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